Abstract. Circulating microRNAs (miRNAs) have been proposed as promising biomarkers for multiple diseases. miR-126 is reported to be associated with type 2 diabetes mellitus (T2D), diabetic nephropathy (DN) and end stage renal disease. The aim of this study was to investigate the expression of circulating miR-126 and to assess its potential as a blood-based biomarker for DN in T2D patients. In 52 patients with T2D without history of DN (with noromoalbuminuria), 50 patients with T2D and DN (29 with microalbuminuria and 21 with macroalbuminuria), and 50 non-diabetic healthy controls, the expression of circulating miR-126 in peripheral whole blood was evaluated by quantitative polymerase chain reaction. The expression levels of circulating miR-126 were significantly decreased in T2D patients and further decreased in DN patients compared with those in the controls. Multivariate logistic regression analysis confirmed the independent association of lower miR-126 levels with T2D [adjusted odds ratio (OR), 0.797; 95% confidence interval (CI), 0.613-0.960] and DN (adjusted OR, 0.513; 95% CI, 0.371-0.708). miR-126 levels were associated with the degree of albuminuria and showed significantly low expression in DN patients with microalbuminuria (adjusted OR, 0.781; 95% CI; 0.698-0.952) and further lower expression in DN patients with macroalbuminuria (adjusted OR, 0.433; 95% CI, 0.299-0.701), respectively compared with T2D patients with normoalbuminuria. miR-126 levels negatively correlated with albuminuria positively with glomerular filtration rate (P<0.05), and in addition, negatively correlated with fasting glucose, glycated hemoglobin, triglyceride and LDL (P<0.05). Stepwise multiple regression analysis identified albuminuria as a significant predictor of miR-126 (P<0.001). miR-126 in peripheral blood yielded area under the receiver operating characteristic curves of 0.854 (95% CI, 0.779-0.929) and 0.959 (95% CI, 0.916-1.000) in the differentiation of DN patients from T2D patients and DN patients from non-diabetic controls respectively. These data suggest that decreased expression of circulating miR-126 is associated with the development of DN in T2D patients, and may be a promising blood-based biomarker for DN risk estimation.
Introduction
Diabetic nephropathy (DN) is a long-term microvascular complication of diabetes mellitus, affecting 30-35% of diabetic patients and is a major cause of end-stage renal disease (ESRD) (1) . The incidence of ESRD associated with type 2 diabetes (T2D) has markedly increased because the prevalence of T2D has increased greatly, and accounts for >90% of diabetic cases (2) .
The molecular pathophysiology of DN is complex, involving interactions between hyperglycemia-induced metabolic, hemodynamic and inflammatory factors (3, 4) . These factors modify the function and morphology of blood vessel walls and interact with neighboring cells leading to renal endothelial dysfunction, which plays a central role in the development of DN (4) .
The earliest clinical indication of DN is the appearance of abnormally low levels of albumin in the urine (microalbuminuria) (5) . The onset of microalbuminuria leads to macroalbuminuria, and the latter is followed by deterioration of renal function with a progressive decline in the glomerular filtration rate (GFR), which eventually leads to ESRD (6) . Although microalbuminuria is considered as the gold standard for the diagnosis of DN, it can reveal renal dysfunction only Decreased expression of circulating microRNA-126 in patients with type 2 diabetic nephropathy: A potential blood-based biomarker after a long period of a clinically silent phase of the disease (7), and is also independently associated with increased cardiovascular risk (8) . In addition, it has been reported that renal impairment occurs in one-third of patients with DN, even prior to the appearance of microalbuminuria (9) . Other markers of DN risk are required for optimal clinical management (9) , particularly for patients with T2D who pass through a period of pre-diabetes and may experience renal impairment at the time of diagnosis. In this regard, a number of candidate markers have been proposed for the early identification of renal injury, such as creatinine, kidney enzymes, cystatin C and C-reactive protein (10, 11) . Genomic regulatory non-coding RNA molecules, namely microRNAs (miRNAs), have been shown to be involved in the control of key biological processes such as proliferation, differentiation, apoptosis and metabolism (12) . miRNAs function through inhibition of translation by binding to the 3' untranslated region (3'-UTR) of their target messenger RNAs (mRNAs) (13) . Alterations in the regulation of these miRNAs can lead to serious physiological abnormalities, including chronic diseases such as diabetes (14, 15) . Studies using in vivo and in vitro models of diabetic renal disease have also linked the dysregulation of miRNA expression with the pathogenicity and progression of DN (16, 17) .
miRNAs have been found in tissues and several human body fluids, including blood, in a stable form that is protected from endogenous RNase activity (18, 19) . The sequences of the majority of miRNAs are conserved among different species and their expression is tissue-or biological stage-specific (20) . miRNAs are accessible through non-invasive methods, and can be easily assessed by sensitive and specific methods such as quantitative polymerase chain reaction (qPCR) (19, 20) . This has led to the proposal that circulating miRNAs may be useful biomarkers for the detection of various diseases, including cancer and diabetes (21) (22) (23) .
miR-126 is highly enriched in endothelial cells and plays a key role in angiogenesis (24) . It is the most extensively studied miRNA in diabetes, and a number of studies have shown decreased circulating miR-126 levels in the blood of patients with T2D (25) (26) (27) . Moreover, changes in circulating miR-126 levels have been reported to be associated with DN and diabetic microvascular damage (28) and with the development of ESRD (29) .
The aim of the present study was to investigate the expression of circulating miR-126 in the peripheral whole blood of patients with T2D without history of DN (with normoalbuminuria), DN patients (with microalbuminuria/macroalbuminuria) and non-diabetic healthy control individuals, and to evaluate the potential of miR-126 as a blood-based biomarker for DN in patients with T2D.
Materials and methods
Participants and clinical data. The study included 152 individuals: 52 patients with T2D without history of DN (with normoalbuminuria), 50 DN patients who had a history of albuminuria (microalbuminuria/macroalbuminuria) and 50 non-diabetic healthy controls. All subjects were recruited from King Abdullah University Medical Centre (Arabian Gulf University, Kingdom of Bahrain). The study was approved by the Research and Ethics Committee in the College of Medicine and Medical Sciences, Arabian Gulf University. The participants provided written consent for research use of their blood samples.
Age, gender, body mass index (BMI), blood pressure and other clinical parameters were collected by reviewing the medical records of the participants.
The diagnosis of T2D was in accordance with the World Health Organization (WHO) criteria (30) using combinations of the following parameters: Fasting glucose (FG) levels ≥7.0 mmol/l (126 mg/dl) or 2-h glucose levels ≥11.1 mmol/l (200 mg/dl) in an oral glucose tolerance test, and glycated hemoglobin (HbA1c) levels >6.5%. Normoalbuminuria was defined as an albumin/creatinine ratio (ACR) <2.5 mg/mmol for men and ACR <3.5 mg/mmol for women, with an albumin excretion rate (AER) of <25 mg/day. Microalbuminuria was defined as an ACR of 2.5-25 mg/mmol for men and 2.8-28 mg/mmol for women, with an AER of 30-300 mg/day. Macroalbuminuria was defined as an ACR of >25 mg/mmol for men and >28 mg/mmol for women, with an AER of >300 mg/day. GFR was assessed using the Modification of Diet in Renal Disease (MDRD) formula (31) . Hypertension was defined as a systolic pressure of ≥140 mmHg, and/or a diastolic pressure of ≥90 mmHg. T2D patients without nephropathy had ≥10 years of diabetes duration, were without history of albuminuria, and had normal renal function and normal blood pressure (≤130/80 mmHg). Healthy control individuals had a FG level of 4.8-5.2 mmol/l (<110 mg/dl), were without history of albuminuria, and had normal renal function and normal blood pressure. General exclusion criteria were a known history of vascular events (stroke, unstable angina, acute myocardial infarction or coronary artery disease), or evidence of hepatic dysfunction and neoplastic diseases.
Extraction of miRNA. Whole blood samples were collected in tubes containing ethylenediamine tetraacetic acid, and total RNA including miRNA was extracted using a Norgen Blood RNA kit (Norgen Biotek Corporation, Thorold, ON, Canada) following the manufacturers' protocol. Samples were stored at -80˚C until RNA extraction. RNA concentration and quality were assessed using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Reverse transcription (RT)-qPCR. RT-qPCR analysis was performed using the TaqMan ® MicroRNA Reverse Transcription kit and Applied Biosystems Real-Time PCR detection system (Thermo Fisher Scientific, Inc.) as previously described (22) . The small nuclear RNU6B was used for normalization (22) . The PCR primer sequences were as follows: Mature hsa-miR-126 (target), UCG UAC CGU GAG UAA UAA UGC and RNU6B (reference), CGC AAG GAT GAC ACG CAA ATT CGT GAA GCG TTC CAT ATT TTT (Thermo Fisher Scientific, Inc.). qPCR was performed using a 7900HT Fast Real Time PCR system (Thermo Fisher Scientific, Inc.) with the following cycling conditions: 95˚C for 10 min, followed by 95˚C for 15 sec and 60˚C for 60 sec for a total of 40 cycles. All reactions were performed in duplicate under identical experimental conditions. Results were analyzed using Sequence Detection Software, version 1.7 (Applied Biosystems; Thermo Fisher Scientific, Inc.). The expression levels of miR-126 were normalized to those of RNU6B, and relative expression values were calculated using the 2 -ΔΔCt method as previously described (22) . The Ct values from qPCR assays with >35 cycles were treated as not expressed.
Data analysis. Data were analyzed using SPSS version 19 (IBM, Armonk, NY, USA). Chi-square and Student's t-tests were used to compare the expression levels of miR-126, and the differences in clinical parameters between T2D patients or DN patients and non-diabetic healthy controls. One-way analysis of variance was used to compare differences in clinical parameters among the subject groups. The odds ratios (ORs) and 95% confidence intervals (CIs) were calculated to assess the association of miR-126 with T2D and DN, with multivariate logistic regression models after adjusting for multiple factors. Pearson's correlation coefficient was used to test the correlation between miR-126 and albuminuria, estimated GFR (eGFR), and other clinical variables. A stepwise multiple regression analysis was performed to identify the predictors of miR-126 (dependent variable). Receiver operating characteristic (ROC) analysis was used to assess the biomarker potential of miR-126 for DN, and areas under the curves (AUCs) were reported. All statistical analyses were two-sided, and a P-value <0.05 was considered significant.
Results
Baseline characteristics of subjects. The baseline characteristics of the subjects in this study are shown in Table I . There was a significant difference in age between T2D patients, DN patients and non-diabetic healthy controls (P<0.05), but no statistically significant difference was found for gender (P>0.05). FG, HbA1c and total cholesterol levels differed significantly in T2D patients and DN patients compared with controls (P<0.05). Patients with DN had significantly higher blood pressure and triglyceride levels than patients with T2D and controls (P<0.05). There was no significant difference between the T2D patient and DN patient groups in terms of FG, HbA1c, diabetes duration, LDL and HDL (P>0.05). Patients with DN exhibited increased albuminuria, ACR and serum creatinine and decreased eGFR compared with T2D patients (P<0.05).
Expression of circulating miR-126 in T2D patients, DN patients and healthy controls.
The expression levels of circulating miR-126 in peripheral whole blood were quantified by qPCR in T2D patients, DN patients and non-diabetic healthy individuals; and were expressed relative to the endogenous control RNU6B as mean ± standard deviation (SD).
In comparison with those in non-diabetic healthy control individuals, the expression levels of circulating miR-126 were significantly decreased in T2D patients and further decreased in DN patients (P<0.05; Fig. 1 ). miR-126 levels were 2.5-fold lower in T2D patients and 5-fold lower in DN patients compared with controls. Notably, DN patients had significantly lower miR-126 levels (2-fold lower) compared with those in T2D patients (P<0.05). The means (± SD) of relative quantification for miR-126 were 10.5±4.3 for T2D patients, 5.3±7.6 for DN patients and 26.4±10.0 for controls. On the application of further analysis using multivariate logistic regression with adjustment for age, gender, BMI and blood pressure, additionally for FG and HbA1c, and further for triglyceride and LDL (Table II) , low miR-126 levels were independently associated with T2D (OR, 0.797; 95% CI, 0.613-0.960; P= 0.003) and with DN (OR, 0.513; 95% CI, 0.371-0.708; P= 0.002).
Association of circulating miR-126 expression with the degree of albuminuria.
To evaluate the association between circulating miR-126 and albuminuria, a sub-analysis was performed in T2D patients with normoalbuminuria (n=52), and DN patients with microalbuminuria (n=29) or macroalbuminuria (n=21) to determine the association between circulating miR-126 expression levels and the development of DN.
As shown in Fig. 2 , miR-126 levels were significantly lower in DN patients with microalbuminuria, and were further decreased in DN patients with macroalbuminuria than in T2D patients with normoalbuminuria (P<0.05). The means (± SD) of relative quantification for miR-126 were 10.5±4.3 for normoalbuminuria, 6.9±3.2 for microalbuminuria and 3.4±2.2 for macroalbuminuria.
The association of circulating miR-126 with the degree of albuminuria was also confirmed in multivariate logistic regression analysis after adjustment for age, gender, BMI and blood pressure, additionally for FG and HbA1c, and further for triglyceride and LDL. The adjusted OR was found to be 0.781 (95% CI, 0.698-0.952; P= 0.04) for microalbuminuria and the adjusted OR was 0.433 (95% CI, 0.299-0.701; P=0.03) for macroalbuminuria (Table III) .
Correlation and multivariate analysis. Pearson's correlation coefficient was calculated in patients with DN to determine the correlation between circulating miR-126 and renal function parameters, including albuminuria and eGFR, as well as other clinical variables including FG, HbA1c, triglyceride and LDL.
The results showed that the expression levels of circulating miR-126 were significantly and negatively correlated with albuminuria (r=-0.63; P<0.001; Fig. 3A ), and were significantly and positively correlated with eGFR (r=0.48; P<0.001; Fig. 3B ). Moreover, miR-126 levels were negatively correlated with FG (r=-0.63; P<0.001; Fig. 3C ), HbA1c (r=-0.63; P<0.001; Fig. 3D ), triglyceride (r=-0.63; P<0.001; Fig. 3E ) and LDL (r=-0.63; P=0.01; Fig. 3F ).
In addition, stepwise multiple regression analyses applied in these subjects, which included albuminuria, eGFR as well as age, gender, BMI, blood pressure, FG, HbA1c, total cholesterol, triglyceride and LDL, identified albuminuria as a significant predictor of circulating miR-126 (P<0.001).
ROC analysis. ROC analysis was performed to evaluate the usefulness of circulating miR-126 as a potential blood-based biomarker for DN in T2D patients.
First, the expression levels of circulating miR-126 were compared between DN patients and T2D patients. The ROC analysis of miR-126 yielded an AUC of 0.854 (95% CI, 0.779-0.929; P<0.001) in the differentiation of DN patients from T2D patients (Fig. 4A) .
Next, the expression levels of circulating miR-126 were compared between DN patients and non-diabetic healthy control individuals. The AUC of the ROC curve was found to be 0.959 (95% CI, 0.916-1.000; P<0.001) in the differentiation of DN patients from healthy controls (Fig. 4B ).
Discussion
MicroRNAs (miRNAs) have emerged as key players in the modulation of gene expression in several biological processes (12) , and have been implicated in the manifestation of various diseases, including diabetes and kidney diseases (14) (15) (16) (17) . miRNAs can be encapsulated in exosomes, microparticles, or apoptotic bodies (32, 33) , and actively released from cells and enter the circulation. It is believed that circulating miRNAs mediate cell-to-cell communication (33, 34) , and correlate well with diseases or injurious conditions. Changes in the levels of circulating miRNAs have been observed in several diseases, suggesting that miRNAs could serve as a new class of biomarkers (21) (22) (23) .
In the present study, the expression of circulating miR-126 was investigated in the peripheral whole blood of T2D patients without history of DN (with normoalbuminuria), T2D patients with DN (with microalbuminuria/macroalbuminuria), and non-diabetic healthy control individuals; and the possibility of using circulating miR-126 as a blood-based biomarker for DN was evaluated.
The results showed significantly reduced expression levels of circulating miR-126 in T2D patients, with further reduction in DN patients as compared with non-diabetic healthy controls. The results also showed a significant association of lower circulating miR-126 levels with T2D and DN after controlling for possible confounders.
Previous studies on diabetes have shown decreased circulating miR-126 levels in the blood of patients with T2D (25) (26) (27) , and the results of the present study are in agreement with these reports. However, in contrast to previous clinical data for DN which showed increased miR-126 levels in blood samples of DN patients with type 1 diabetes (T1D) (28) and in urine samples of DN patients of T2D (35) compared with healthy individuals, the results of the present study revealed decreased expression levels of circulating miR-126 in the peripheral blood of T2D patients with DN compared with the levels in non-diabetic healthy controls. Osipova et al (36) reported lower miR-126 levels in the urine of T1D pediatric patients compared with corresponding controls, but they found no differences in the levels of miR-126 in plasma from the two groups, whereas Wang et al (29) observed decreased circulating miR-126 levels in the plasma of patients with chronic kidney disease, which was associated with the development of ESRD.
miR-126, a highly enriched miRNA in endothelial cells and apoptotic bodies (24) , promotes pro-angiogenic actions by repressing two negative regulators of the vascular endothelial growth factor (VEGF) pathway, namely Sprouty-related protein (SPRED1) and phosphoinositol-3 kinase regulatory subunit 2 (PIK3R2/p85-β), and enhances blood vessel formation (24, 37) . It has been also shown that apoptotic bodies containing miR-126, derived from endothelial cells, are taken up by neighboring vascular cells and induce vascular protection (38) . Moreover, miR-126 has been shown to be expressed in glomerular and peritubular endothelial cells and targets negative repressors (such as PIK3R2 and SPRED1) of the VEGF pathway (39) . In human umbilical vein endothelial cells, loss of miR-126 was observed when cultured with a high glucose concentration (25) , and downregulation of endothelial miR-126 was reported to impair the functional properties of endothelial progenitor cells from diabetic patients via VEGF signaling (40) .
Besides its role in endothelial homeostasis and angiogenesis, miR-126 additionally controls vascular inflammation Table II . Association of circulating miR-126 expression levels with T2D and DN. Table III . Association of circulating miR-126 expression levels with the degree of albuminuria.
OR (95% CI) P-value OR (95% CI) P-value through targeting and suppressing vascular cell adhesion molecule 1 (VCAM-1), thereby limiting leukocyte adherence to endothelial cells (41) . miR-126 also protects against atherosclerosis by inhibiting VCAM-1 during inflammation (42, 43) and contributes to renal microvascular heterogeneity of VCAM-1 protein expression in acute inflammation (44) . Diabetes-induced endothelial dysfunction has been proposed as a major mechanism implicated in the pathogenesis and development of DN, occurring through activation of signal transducers of metabolic, hemodynamic and inflammatory factors (3, 4) , which modifies the function and morphology of neighboring cells, triggering a cascade of inflammatory, proliferative and profibrotic responses in progressive DN (4) .
The results of the current study, indicating that T2D patients and DN patients exhibit significantly low expression levels of circulating miR-126 are consistent with the suggestion 
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that decreased miR-126 levels are associated with a reduced response to VEGF and endothelial dysfunction (24, 37) . Furthermore, as miR-126 is an important regulator of vascular homeostasis and vascular inflammatory pathways (24, 37, 41) , the results of the preset study suggest that decreased circulating miR-126 levels in patients with DN may be the consequence of diabetes-associated renal endothelial damage. The progression of DN is commonly defined by an increase in albuminuria from normoalbuminuria to microalbuminuria and from microalbuminuria to macroalbuminuria. On average, 20-40% of patients with diabetes develop renal dysfunction (45) , but type 2 diabetics with ESRD are rapidly increasing because of the continuing increase in the prevalence of T2D (2) . Indeed, T2D patients represent the large majority of macroalbuminuric patients at risk of ESRD (2) .
In the present study, a significant association of miR-126 expression with the degree of albuminuria was observed, as miR-126 levels were significantly low in DN patients with microalbuminuria and were even lower in DN patients with macralbuminuria than in patients with T2D and macralbuminuria. These results suggest a possible link between miR-126 and the development of DN.
In the DN patients, it was found that circulating miR-126 levels were correlated negatively with albuminuria, and positively with eGFR, suggesting that decreased miR-126 levels may be associated with the development of renal impairment. Notably, a previous study conducted in patients with ESRD has also shown a positive correlation between blood miR-126 levels and eGFR (29) .
Additionally, the observation in the present study that circulating miR-126 levels negatively correlated with FG and HbA1c in DN patients, further supports the involvement of miR-126 in long-term hyperglycemia-induced diabetic renal damage. Furthermore, the negative correlation between circulating miR-126 and either triglyceride or LDL, may indicate a possible involvement of miR-126 in lipid metabolism in DN. In the same subject groups, the present study found that albuminuria is a significant predictor for circulating miR-126, by conducting a stepwise multiple regression analysis with different variables including albuminuria, eGFR as well as age, gender, BMI, blood pressure, FG, HbA1c, total cholesterol, triglyceride and LDL. The present study indicates that a significant reduction in miR-126 may be used as a biomarker for DN, as shown in the ROC curve analysis of its ability to discriminate DN patients from T2D patients, in addition to its ability to differentiate between DN patients and non-diabetic healthy control individuals.
Although the circulating level of miR-126 appears to have potential as a biomarker for DN, there are certain limitations to the current study. The sample size was relatively small and larger samples are required for the further validation of miR-126 as a biomarker for DN. Moreover, additional investigations and validation studies are required for the prognostic evaluation of circulating miR-126 levels in a clinical setting.
In conclusion, our results suggest that decreased expression of circulating miR-126 is implicated in the development of DN and may serve as a potential blood-based biomarker for the identification of T2D patients at risk of developing DN. 
